Abstract. The radiation patterns of Love and Rayleigh waves from three nuclear explosions (Hardhat, Haymaker, and Shoal) are studied to determine the nature of the asymmetry of radiation and the mechanism of Love wave generation. From a comparative study of different explosions it is reasoned that the Love waves are generated at the source of the explosion. The source function, represented as the superimposition of an isotropic dilatational component due to the explosion and a multipolar component due to the release of tectonic strain energy, is consistent. with the observed radiation patterns and the amplitude spectrums. The amount of seismic energy due to the strain release is computed. In some cases (Haymaker and Shoal) it is found that this energy may be due to the relaxation of the pre-stressed medium by the explosion-formed cavity. In the case of Hardhat it is concluded that the explosion must have triggered some other strain release mechanism, such as an earthquake. The amplitude equalization method is applied to surface waves from an earthquake to determine the source parameters. From only the amplitude spectrums and radiation patterns of Love and Rayleigh waves, the source functions, source depth, strike and dip of the fault plane, and the rake of displacement are determined for the July 20, 1964, Fallon earthquake.
INTRODUCTION
Many of the underground nuclear explosions have generated horizontally polarized seismic shear waves (SH and Love) along with P, SV, and Rayleigh waves. Theoretically, an explosive source in a horizontally layered, homogeneous, isotropic medium should not generate SH or Love waves. One purpose of this study is to determine the mechanism of generation of these horizontally polarized transverse waves by nuclear explosions. The second part of the paper is devoted to a study of applicability of the method of amplitude equalization to earthquakes for determining their source parameters.
NUCLEAR EXPLOSIONS AND TECTONIC

STRAIN RELEASE
The significance of the magnitude of SH waves radiated from explosions has been demonstrated by many investigators. Press The important question is not the verification of the existence of horizontally polarized waves from the explosion but the understanding of the mechanism of the generation of these waves. To that end, several mechanisms need to be considered.
would not generate any SH waves unless there were differential movement along them. In a medium which is not pre-stressed the cracks and the movement along cracks would be distributed uniformly, with radial symmetry around the point of explosion. Therefore, one would not expect an SH wave radiation pattern which could be represented by a dipole or a quadrupole source.
In a pre-stressed reediron, all explosion may release a part of the existing strain energy by one or more of three mechanisms. First, intense stress waves near the explosion may trigger a small earthquake. The radiation pattern of Love and Rayleigh waves from the Hardhat explosion which fits a double-couple source function [Brune and Pomeroy, 1963; Aki, 1964] was explained by such a mechanism.
A second mechanism of releasing the strain energy is directional cracking. When the shock wave propagates from an explosion in a prestressed medium, the cracking will occur in preferred directions in such a way that the existing strain energy is minimized. The radiation pattern of seismic waves due to an induced rupture in a pre-strained medium was studied by Archambeau [1964] . He found that all prestress conditions give symmetric quadrupole radiation patterns.
Another source of strain energy that may be released by an explosion is provided by the cavity. This problem was investigated by Press and Archambeau [1962] . Not only would the strain energy stored in the volume of material that was molten and crushed be released, the strain energy outside the linear zone would also be reduced. The latter release would primarily be as elastic radiation.
If there is tectonic strain release, P, SV, SH, Love, and Rayleigh waves radiated from the release will be superimposed on the explosiongenerated waves--P, SV, and Rayleigh. Although the SH and Love waves will be due to the released strain energy only, the P, SV, and Rayleigh waves will contain fractions due to both sources. It is not possible to separate the fraction of the energy due to the explosion alone unless the space and time functions of both sources are known exactly. Since this information is not available, we resort to some indirect techniques and make certain assumptions. These are listed for each case.
In this study we investigate three nuclear explosions, the Hardhat and Haymaker explosions fired at the Nevada test site and the Shoal explosion detonated in the Sand Springs Range, Nevada. In addition, two small earthquakes whose epicenters were in the general vicinity of the Shoal explosion site are included for comparison. Seismic surface wave recordings from these events at some or all of four CIT stations (Pasadena, California; Ruth, Nevada; Jamestown, California; and Albuquerque, New Mexico) equipped with narrow-band, highsensitivity Benioff seismographs and from LRSM program mobile stations are used in the study (see Table i and Figure 1 ). A horizontal quadrupole of the type described above will have an azimuthal radiation pattern for Rayleigh waves given by sin20, and for Love waves by cos20. Thus in the case of an explosion with a superimposed quadrupole component, the Rayleigh waves recorded at stations set up along 0 = n•r/2, where n: 0, 1, 2, 3, 4, would be due to the explosive source only. The ideal method of studying the explosion-generated waves, then, would be to find a station or stations situated along these azimuths and use their recorded waves.
Shoal explosion. The method of amplitude
The Shoal explosion was in a region of moderate seismic activity where numerous shallow earthquakes have occurred. 'The movements associated with the earthquakes that have been investigated were along faults whose strikes are, in general, in the N-S direction [Slemmons, 1956 [Slemmons, , 1957 Benio#, 1962] [Eaton, 1963; Healy, 1963] . In each case, however, we represented the structure as a horizontally layered homogeneous medium where the layer thicknesses and the velocities were computed as the weighted average of those along the paths (Table 2) Three points should be clarified in regard to the shape of the pressure pulse: (1) The observed spectrum is not a true experimental quantity, since we computed the layering response theoretically using an assumed structure. The complexities of the structure, such as the lateral inhomogeneities, could not be taken into account. The oscillations of the observed spectrum are probably due to such complications. smoothed approximation rather than as the exact pulse.
The source of the Love waves generated by Comparison of the Love waves generated by the explosion and the two small earthquakes provides clues to the nature of the explosiongenerated waves. The Pasadena records from one set of instruments for three events with almost identical source-station paths were used in computing the graphs shown in Figure 5 . The outstanding feature of these curves is that the earthquake-explosion amplitude ratio decreases with increasing frequency. The relative enhancement of the long-period Love waves in the case of earthquakes cannot be explained simply by the volume of the source, since the equivalent magnitude of the explosion and those of the earthquakes were fairly close. The depth of the source, however, could affect the spectrums of the seismic surface waves generated, the deeper events producing relatively less amplitude of the short-period surface waves. These curves, shown in Figure 6 , were computed by using the idealized structure from Fallon to Pasadena that is listed in Table 2 This increase can be due either to experimental errors or to the inexact representation of the structure, as well as some variation of the theoretical source from the actual. However, the effect shown in Figure 7 is so small that it can be neglected, and the consistency of the observed Love wave amplitudes with theoretical amplitudes can be accepted. Radiation patterns •rom three nuclear explosions. When tectonic strain energy is released in the form of seismic energy, the isotropic radiation pattern of an explosion is altered. It was shown earlier that, at least in the case of the Shoal explosion, this strain energy was released from a shallow depth. It will be assumed that the same condition will hold for the two other explosions, Haymaker and Hardhat, which are included in this study. The geometry of the strain-release source function is assumed to be an orthogonal, horizontal double couple. This double-couple condition was observed for many earthquakes, and it is a reasonable assumption. The horizontal orientation is the simplest geometry for an initial assumption. We will now determine two parameters of the source function, the orientation of the principal axis and the relative strength of the multipolar source compared to the explosive source.
The displacements observed at distant stations are the vectorial sum of displacements due to the explosion and the tectonic strain release. In a cylindrical coordinate system, the far-field expressions for the approximate ground displacements from a near-surface explosive point source are [Harkrider, 1964 For the Hardhat explosion we corrected the maximum amplitudes of the Rayleigh waves given in the AFTAC report Hardhat (prepared for ARPA, 1962) for the geometric spreading. We assumed that the response of the medium AR remained constant for all azimuths, and we neglected the effect of attenuation due to absorption. From the observed radiation pattern (Figure 9 ) we determined the composite theoretical source with a procedure similar to that followed for Haymaker. In this case, the data scattered more than with Haymaker, but the intensity of the source in the southeasterly direction is seen to be definitely larger than it is in the northeasterly direction. For this event, the double-couple source can be the model of a right-hand strike-slip fault with the azimuth of the strike at 330 ø, and the conjugate of this 
SOURCE PARAMETERS OF EXPLOSIONS AND EARTHQUAKES,
The energy density of Rayleigh or Love waves recorded at a station is given by = where V is the group velocity, p is density, and is the particle velocity. The time integration is taken over the duration of the surface wave arrival. To compute the total energy of surface waves, we need to correct for the effect of geometric spreading and then to integrate over the azimuth and over the depth. The geometric spreading factor and the depth factor are independent of the source type. Since we are interested in the energy of one event, relative to the other, we can exclude the common factors and integrate over the azimuthal variation to determine an energy factor, E{ t, which is the surface energy density at a unit distance. We computed the ratios of the strain energy released (i.e., energy of the multipolar component of the source) and the explosion energy for the three explosions at successive periods between 10 and 40 seconds. We should point out that the values shown in Table 3 are the ratios of the surface wave energies. They also represent the ratios of the total energies, since the partition of the energy between the body and surface waves is not likely to change significantly from one source to another if the source depth and type are not changed.
The absolute values of the strain energy released in each case were computed from the seismic energy of the explosion. The equivalent magnitude of each explosion is listed in the explosion reports. Using the formula given by Gutenberg and Richter [1956] , log E = 5.8-+-2.4m (8) where m is the unified magnitude, we computed the seismic energy radiated from the Haymaker and Shoal explosions. In the case of Hardhat, it is very difficult to justify the assumption that the measured magnitude would represent the magnitude of the explosion and that the effect of the multipolar components would cancel out. The source o{ strain energy. The source of the strain energy and the mechanism of its release by the explosion is of great interest. An explosion detonated in a strained medium would release some strain energy in the form of seismic waves because of the insertion of the cavity where • = fi.op is the modulus of rigidity of the medium, S is the strain, and a is the radius of the cavity. The function /(•/X) is approximately equal to 1. The first term in (9) represents the reduction in strain energy in the elastic zone outside the cavity, and the second term the reduction of strain energy within the cavity. The maximum value of seismic energy radiated from stress relaxation must be equal to or less lhan AW.
An underground nuclear explosion crushes and cracks rocks far beyond the cavity. So, in applying (9), we can assume that the effective cavity radius is equal to the radius of the nonlinear zone around the explosion. These radii can be computed from the yields and strengths of the mediums as described in our earlier paper [Toks6z et al., 1964]. The value of strain S is a difficult quantity to estimate. 8 : 10 -* was chosen to be the upper limit for Nevada test site by Press and Archambeau [1962] . For the region where Shoal was located, 8: 10 -* is probably a good average value, judging from the seismicity of the Fallon area. With these values we computed the strain energy reduction AW by each of the three explosions. These results, listed in Table 4 , represent the upper limit of the seismic energy that can be attributed to the strain release, since not all the strain energy is Let us compare these values with the seismic energy due to the multipolar component of the sources listed in Table 3 . For Haymaker the maximum available strain energy was 5.4 X 10 •ø ergs, and the observed seismic energy was 5.1 x 10 •ø ergs. For Shoal, the values were 5.4 X 10 •7 ergs and 3.8 x 10 •7 ergs, respectively. In both of these cases the seismic energy due to the multipolar component of the source is less than the maximum value of strain energy released because of the explosion-generated 'cavity.' All of the observed strain energy could therefore be due to the relaxation of the stress field around the 'cavity,' and it is not necessary to have movements along the faults to radiate the strain energy in these cases.
The Hardhat explosion poses a completely different problem. Here our estimate of the seismic energy due to release of tectonic strain is not very accurate; it is probably higher than the true value. However, this figure (4.3 X 10 • ergs) is about 18 times higher than maximum available strain energy released due to the 'cavity.' Therefore, tectonic strain energy must be released from a volume that is much larger than the volume of the cavity and relaxed zone. This would mean that the shock wave from the explosion triggered a strain release mechanism outside the nonlinear zone. An earthquake, triggered in this manner near the explosion, would be an explanation of the magnitude of the observed strain energy. This was also coneluded by Brune and Pomeroy [1963] from the after shocks that followed the explosiom
SOURCE PARAMETERS OF EARTt-IQUAKES
The radiation patterns of seismic surface waves from buried dipolar sources in a stratified earth were studied theoretically by BenMenahem and Harkrider [1964] . The necessary source-depth theory was given by Harkrider A set of source parameters can be determined by fitting a theoretical radiation pattern curve to the experimental data, and the solid curve shown in Figure 11 is our 'best' fit. It is for a fault plane with a strike at azimuth 355 ø and an easterly dip of 76 ø. The slip angle X is 230 ø (i.e., the direction if displacement is 50 ø from horizontal, rake is 50øS) and the source depth is 20 km. Although the agreement between the theoretical and observed radiation patterns is good, it is essentially based on three experimental points. The LRSM data that were added to the figure later do not strengthen or contradict this picture.
In obtaining a best fit, it was found that the source depth had relatively little effect. From The spatial source function and the depth are determined from the ground displacement spectrums. Thus, the source is completely specified using only seismic surface waves. The uniqueness, however, remains a problem when the data are scattered.
